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INTRODUCTION

In order to ensure munition safety, the U.S. Navy requires that ordnance itcms be tested to assess
their response to accidental stimuli. The basic assessment tests are described in a Military Standard
(Reference 1). They include a standard fragment impact test which has become known by workers in the
field as the "Golden Fragment" test. The fragment consists of a 1/2-inch, 250-grain, mild-steel cube
traveling at 8300 fi/s. A number of the 1/2-inch cubes are explosively launched at the target ordnance. The
test ordnance item must be struck by at least two fragments. Aiming is not very accurate; therefore, the
impact points are nct predictable. The orientation of the cubes has not been measured, but the author
believes that a nearly flat-on orientation is probable. A passing criterion for the test is that the response of
the munition is not worse than burning, That is, the energetic material may ignite and burn, and the case
may rupture, but there may be no hazardous fragments projected beyond 50 feet from the test setup.

The most violent response of the target ordnance to fragment impact is detonation. With modern
hydrocodes, it is feasible to predict whether or not detonation will occur as a result of fragment impact.
Less violent ordnance reactions to fragment impact, such as explosion or deflagration, are still failing
responses to the Golden Fragment test. Because they are more complicated phenomena than the transition
to detonation, they are not amenable to predictive analysis at this time. Under many circumstances, if a
munition does not detonate in response to the fragment impact test, then it will pass the test. Since the
detonation response is predictable, then it makes sense to design the munition so that it will not detonate,
Unacceptably violent responses other than detonation may still occur. For these, ordnance designers may
rely on experience with similar energetic materials.

Criteria are derived here for choosing an energetic material that will pass the Golden Fragment test
in generic ordnance configurations. The tool for generating the criteria is the Multimaterial Eulerian
Reactive Flow (SMERF) computer code which is an Eulerian hydrocode that uses the zero-order variation of
the Forest Fire burn law (Reference 2) for detonable energetic materials. The shock sensitivity criteria are
expressed in terms of the wedge tests results which are used to calibrate the burn law. A graphical
representation of this is the shock sensitivity plane (References 3 and 4) where threshold boundaries can be
drawn between ordnance items that pass the Golden Fragment test and those that do not. A relation to the
more common large-scale gap test measure of shock sensitivity is shown.
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THE FRAGMENT IMPACT MODEL
FOR COMPUTER ANALYSIS

The 1/2-inch steel cube is approximated by a 1/2-inch-long, 1/2-inch-diameter steel blunt cylinder.
The cylinder is presumed to strike the test ordnance item at normal incidence and zero yaw. This is known
to be the worst case. The curvature of the ordnance case is also neglected, since the fragment is so small
compared to the diameter of the case. Multiple fragment sffects are neglected, since they become important
in the transition to detonation only when the fragments are separated by less than a few fragment diameters,
The major influence on the threshold for detonation is the case thickness. Therefore, this is the focus of the
investigation. It is also known that case material will have some effect on the threshold. Four case
materials were chosen: steel, aluminum, titanium, and graphite-epoxy. The fragment impact geometry is
shown in Figure 1.
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FIGURE 1. Geometry for Fragment Impact Studies (for the
Golden Fragment Test, D = L = 1/2 inch and V = 8300 fi/s).

The shock Hugoniots used in the analysis for the metallic fragment and case components are for
steel with a density of 7.9 g/cm?

U, =045+ 264U,
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for aluminum with a density of 2.703 g/cm?
U, = 0.535 + 1.497 U,

and for titanium with a density of 4.527 g/cm? .
Us = 04937 + 1.019 « Up

where U, and U, are the shock and particle velocities in cm/us.

The shock Hugoniot for the graphite epoxy case was obtained from Reference 5. For a material
with a density of 1.53 g/em?, it is

U,=033+4224U,

Reference 5 is of particular interest because it also deals with fragment impact on cased energetic materials.
It investigates more complicated case configurations, including low density layers specifically intended to
mitigate initiation of detonation.

For the energetic material, the shock Hugoniot for an experimental propeliant reported in Reference
4 was used. A propellant was chosen because rocket motors normally have thinner cases than warheads, and
their reaction to the Golden Fragment test is very severe. The shock Hugoniot for the propellant with a
density of 1.6188 g/cm? is given by

Us=022+20+U,

This particular propellant was chosen because it was the subject of an extensive analytical
investigation on shock sensitivity tests, and some experimental data are available. The equation of state of
the energetic material is not expected to be a major influence on the results of the fragment impact
calculations, since the shock Hugoniots for most energetic materials are quite similar,

The results from a sample calculation are shown in Figure 2. The case is 0.10-inch-thick graphite-
epoxy. The figure displays a sequence of pressure contour plots showing the propagation through the case
and into the energetic material. In response to the shock wave, the material starts to explosively decompose
(bum), which increases the intensity of the shock. The process results in the formation of a detonation
wave which is characterized by a particular propagation velocity and high pressure. The plots also include a
contour line for 50% detonation products, which also heips to identify the transition t¢ detonation. The
example shown in Figure 2 is very close to threshold. The same fragment impacting on a slightly less
shock sensitive energetic material would not lead to detonation. The pressure relief effects due to the
rarefaction waves arising at the fragment edges would overcome the pressure gain due to the explosive burn,
and the shock wave would decay rather than grow.,
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Time = 0.65 microsec

Time = 1.27 microsec

Tifne = 192 microsec

Time = 255 microsec

Time = 3.18 microsec
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Time = 3.81 microsec

Time = 4.45 microssc

Time = 5.09 microsec

FIGURE 2. A Sequence of Pressure Contour Plots Illustrating a Transition to Detonation Near the Threshold.
The case is 0.10-inch-thick graphite epoxy. The contour of $0% detonation products is included.
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THE SHOCK SENSITIVITY PLANE

The shock sensitivity plane concept developed in Reference 3 is a useful way of correlating shock
sensitivity effects over a wide range of energetic materials. It is also a good way to display the results of
theoretical analysis when shock sensitivity is important. A review of the concept is included here.

The variation of the Forest Fire burn model used in the SMERF code has been used very
successfully to predict experimental results of interest to the insensitive munitions field. These include
fragment impact, which is of concern here, and sympathetic detonation. The original formulation of the
Forest Fire burn model has been used in other computer codes in the analysis of a wide variety of situations
in which the shock-to-detonation transition in explosives is important,

The Forest Fire burn model is calibrated solely with the results of the wedge test. In this test, a
shock wave is introduced into a wedyge-shaped explosive. The shock wave is observed to accelerate as &
result of the decomposition of the explosive behind the shock. The space-time rajectory of the shock wave
can be measured by observing the intersection of the accelerating shock wave with the diagonal face of the
wedge. The major result of the wedge test is the distance that it takes for the shock wave to run up to
detonation as a function of the pressure in the input shock. Log-log plots of run distance as a function of
initial shock pressure are commonly made. These are called Pop plots. The run distance can very often be
fit quite nicely by a straight line on the Pop plot over the range of the experimental data. An equation for
this line is

R = P/P)

where R is the run distence in centimeters, P is the shock pressure in kilobars, and S is the slope of the
straight linc on the Pop plot. Thercefore, P is the shock pressure in kilebars which will produce a run
distance of one centimeter. The quantity Py is known as the shock sensitivity pressure.

The Pop plot slope, S, and the shock sensitivity pressure, P;, ae two numbers that are directly
input into the SMERF hydrocode to characterize shock sensitivity. They are the only data required. It is
natural to consider the plane formed by these two numbers. The plane is called the shock seasitivity plane
and is shown in Figure 3. A point on the plane represents a straight line on the Pop plot. Conversely, the
shock sensitivity of an explosive can be represented by a point on the shock sensitivity plene. In Figure 3,
points representing a number of explosives are shown. Wedge test results for the explosives included in
Figure 3 are summarized in Appendix A. In general, insensitive explosives have a large value of P;.

The slope parameter controls how the explosive responds to a transient shock pressure pulse with
peak pressure Po and a time duration, . If the slope is very large, then the explosive will run t0 detonation
whenever P is greater than Py. That is, the criterion for dewonation depends only on the peak pressure. For
small slopes, the time duration, T, is important. For a slope of about 1.5, the detonation criterion takes on
the well-known form

Po? « T = constant
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As can be seen in Figure 3, some of the most studied explosives, PBX-9404 and Composition B, have a

slope § = 1.5.
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FIGURE 3. Shock Sensitivity Plane Showing Points
for Several! Common Explosives and Propellants.

SHOCK SENSITIVITY THRESHOLDS
FOR THE GOLDEN FRAGMENT TEST

The input to the SMERF code is the shock sensitivity plane variables, S and P;. One can run the
code and observe whether the outcome is a detonation or not. If the outcome is a detonation, one can repeat
the calculation for a less sensitive explosive by increasing the input value of P;. Conversely, if the
outcome is not a detonation, one can decrease F;. Keeping S constant, one can thereby determine a
threshold value of shock sensitivity which separates those explosives that detonate in the Golden Fragment
test from those that do not. The SMERF code has been designed 1o expedite this process.
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The threshold shock sensitivity for the Golden Fragment test has been calculated as a function of
case material and thickness. The predicted threshold shock sensitivities are tabulated in Appendix B (Tables
B-1 through B-4) for the unlined cased explosive. The tables include the values of the shock sensitivity
pressure which resulted in & detonation and no detonation that bracket the threshold.

The threshoid results are plotted in Figures 4, 5, and 6 for S = 1.5, 2.5, and 3.5, respectively. In
cach figure, the threshold value of P is plotted as a function of case thickness in inches. For comparison,
each figure contains the results for steel, sluminum, titanium, and graphite-epoxy cases. The effect of the
Pop plot slope parameter, S, is shown for a steel cased explosive in Figure 7.

The variation of threshold value of P1 with case thickness displays & characteristic behavior. The
threshold drops slowly with thickness until the thickness is about 0.25 inches. At that point, the threshold
drops much more quickly. The reason is that the relief wave originating &t the cylinder circumference
reaches the axis at an axial distance of about one radius. Until this point, the maximum pressure in the
shock wave is constant, Thereafter, the shock pressure begins to decay very rapidly. When the case
thickness is less than about one radius, then at least part of the high pressure portion of the shock wave
propagates into the explosive before the relief waves converge to the axis.

It is obvious from the figures that there is not much difference in threshold with case materials for
a thin case with thickness less than 0.25 inch. There seems to be more of a substantial difference between
the materials for thick cases with thickness greater than 0.25 inch. This point is worth emphasizing: the
threshold shock sensitivity is most strongly affected by case thicknesses greater than the fragment radius.
This is shown here for the half-inch-diameter cylinder, but it also holds true for all cylinders that have a
diameter greater than the critical diameter of the explosive,

There is experimental evidence that the case material may have a more substantial effect on thin
cases than is indicated here. Reference 6, for example, indicates that there is a measurable change in velocity
threshold for detonation that depends on the material of very thin cases. This is due to the phenomenon of
shock desensitization whereby an explosive responds differently to multiple shock waves than it would to an
equivalent single shock wave of the same total pressure. There is a version of the Forest Fire bum model
that takes shock desensitization into account (Reference 7), but it is not implemented in the SMERF code.
In any case, it is felt that it is a relatively small effect on the results of the Golden Fragment test.
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FIGURE 4. Threshold Shock Sensitivity Pressure, P;, as a Function
of Case Thickness for Slope Parameter S = 1.5.
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FIGURE 5. Threshold Shock Sensitivity Pressure, P;, as a Function
of Case Thickness for Slope Parameter S = 2.5.
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FIGURE 6. Threshold Shock Sensitivity Pressure, Py, as a Function
of Case Thickness for Slope Perameter S = 3.5.
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FIGURE 7. Threshold Shock Sensitivity Pressure, P1, as a Function of
Steel Case Thickness. The figure shows the effect of the Pop plot slope
on the threshold.
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THRESHOLD CRITERIA ON THE
SHOCK SENSITIVITY PLANE

One reason for using the shock sensitivity plane in Figure 3 is that one can draw lines which
separate the energetic materials that detonate in a particular test from those that do not. Figure 3 is the same
as Figure 3, except that threshold shock sensitivity values for a steel-cased explosive have been replotted
from Figure 7. Each line represents the threshold for a particular case thickness. If one picks a case
thickness of 0.3 inch, for example, every explosive that lies above the 0.3-inch line in Figure 8 will not
detonate promptly in the Golden Fragment test, and those that lie below will detonate and fail the test. The
points representing the shock sensitivity of individval explosives in Figure 3 are included in Figure 8.
However, for clarity, the point labels have been removed.
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FIGURE 8. Shock Sensitivity Plane From Figure 3 Including the
Threshold Curves for Fragment Impact on Steel-Cased Explosive.
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If Pop plot data are available, the shock sensitivity plane shown in Figure 8 is the best place to
compare shock sensitivity requirements for the Golden Fragment test with actual explosives. For example,
Destex will pass the test if the case thickness is 0.4 inch and will fail if the case thickness is 0.3 inch. It
can be seen that almost all main charge explosives will pass the test if the case thickness is greater than
about 0.5 inch. For cases thinner than 0.5 inch, the outcotne of the test depends on the shock sensitivity of
the explosive. There are very few main charge explosives that will pass the test without a case for
protection. Rocket motors loaded with detonable propellants can have a difficult time passing the Golden
Fragment test because the motor case is usually quite thin,

Another reason for using the shock sensitivity plane is that one can compare the results from
completely different tests. In References 3 and 4, for example, the resuits of large-scale gap tests (LSGT)
were calculated using a one-dimensional hydrocode and plotted on the shock sensitivity plane. The results
are reproduced in Figure 9. This figure is the same as Figure 8, except that lines representing contours of
constant LSGT results are included. The numerical values of the threshold shock sensitivity for the LSGT
are tabulated in Appendix C.
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FIGURE 9. Shock Sensitivity Plane From Figure 6 Showing the
Threshold Curves for Steel-Cased Explosive. The figure also includes
contours of results for the large-scale gap test (LSGT).
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In Figure 9, every explosive that lies on the 100-card contour, for example, will have a LSGT
result of 100 cards. The most important fact that one can deduce from Figure 9 is that the LSGT contour
lines are not parallel to the Golden Fragment threshold lines. This means that the LSGT is not a very good
indicator of whether a particular explosive will pass the Golden Fragment test. For example, one might
have a warhead with a case thickness of 0.3 inch and an explosive with a LSGT result of 70 cards, The 70-
card line intersects the 0.3-inch case thickness line at a slope of about 2.9. This means that all of those
explosives that have 70-card LSGT results will detonate if they also have a Pop plot slope greater than 2.9.
Conversely, if the Pop plot slope is less than 2.9, the Golden Fragment test will not produce a prompt
detonation.

EFFECTS OF A CASE LINER ON
THE DETONATION THRESHOLD

Most cased munitions also have a liner between the case and the explosive. Calculations were
performed to investigaie the cffect of the liner on the threshold shock sensitivity of the explosive. It has
already been shown that the case thickness has a large effect on the threshold if the case is thicker than the
fragment radius. The addition of a liner is expected to effectively add to the thickness. It remains in
question whether the different equation of state of the liner material will make a difference.

The shock Hugoniot for two liner materials that have been used in warheads was obtained from
Reference 5. For Sylgard with a density of 1.332 g/cm?, the shock Hugoniot is

U,=0.10 + 246 Up
and, for asphalt loaded with ammonium oxylate with a density of 1.038 g/cm3, it is
Us=0.17+20+U,

Calculations of the Golden Fragment test have been performed assuming that the entire case was
composed of liner material. The threshold shock sensitivity pressure results for a Sylgard and asphalt are
shown in Figure 10 for a Pop plot slope of 2.5. For comparison, the threshold curve for steel is included.
There is a much larger difference in Figure 10 between the liner materials and steel than was shown in

Figure 5 for steel and the rest of the case materiais. The two liner materials behave similarly in Figure 10
when used as cases, 50 it is expected that they will yield similar behavior when used as liners.

14
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FIGURE 10. Threshold Shock Sensitivity Pressure, Py, as a Function
of Case Thickness. The figure compares results for the two liner
materials, Sylgard and asphalt, with two case materials, steel and
graphite.

A series of calculations was performed to show the effect of the two liner materials when used with
two cese materials, steel and graphite. For a steel case, the threshold shock sensitivity is plotted in Figures
11, 12, and 13 for Pop plot slopes of 1.5, 2.5, and 3.5, respectively. The results for a graphite case are
similarly shown in Figures 14, 15, and 16. The threshold shock sensitivities, P;, are plotted as a function
of the steel or graphite dimensionless case thickness.

In Figure 12, the upper curve is the threshold P, result for a plane steel case plotted as a function
of case thickness. This curve was taken from Figure 4. The remaining curves in Figure 12 represent
case/liner combinations. The lowest pair of curves represent lined steel cases with a total thickness of 0.4
inch, Since the abscissa is the steel case thickness, the liner thickness is 0.4 inch at the left hand side of the
graph where the two curves intersect the ordinate. At the other end, these two curves intersect the steel case
curve at a case thickness of 0.8 inch; at this point, the liner thickness is zero. Curves for total case/liner
thicknesses of 0.4, 0.3, and 0.2 inch are shown in each of the subsequent figures.

As noted in connection with the results for unlined cases, the Pop plot stope does not affect the
threshold shock sensitivity very much, and there is no significant difference between the two liner materials,
Sylgard and asphalt. However, a large difference exists in the results of lined graphite and lined stee! cases.
This can be seen, for example, by comparing Figure 11 with Figure 14. The difference is surprising,
considering that the results in Figure 10 for the unlined steel and graphite cases are so similar,

15
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FIGURE 11. Threshold Shock Sensitivity Pressure, P;, for Lined
Munitions as & Function of the Steel Case Thickness for Slope
Parameter S = 1.5. Thresholds for total case/liner thicknesses of 0.2,
0.3, and 0.4 inch sre shown for Sylgard and asphalt liners.
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FIGURE 12. Threshold Shock Sensitivity Pressure, P;, for Lined
Munitions as a Function of the Steel Csse Thickness for Slope
Parameter S = 2.5. Thresholds for total case/liner thicknesses of 0.2,
0.3, and 04 inch are shown for Sylgard and asphalt liners,
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FIGURE 13. Threshold Shock Sensitivity Pressure, P, for Lined
Munitions as a Function of the Steel Case Thickness for Slope
Parameter S = 3.5, Thresholds for total case/liner thicknesses of 0.2,
03, and 0.4 inch are shown for Sylgard and asphalt liners.
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FIGURE 14. Threshold Shock Sensitivity Pressure, Py, for Lined
Munitions as & Function of the Graphite Case Thickness for Slope
Parameter S = 1.5. Thresholds for total case/liner thicknesses of 0.2,
0.3, and 04 inch are shown for Sylgard and asphalt liners,
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FIGURE 15. Threshold Shock Sensitivity Pressure, Py, for Lined
Munitions as a Function of the Graphite Case Thickness for Slope
Parameter S = 2.5. Thresholds for total case/liner thicknesses of 0.2,
03, and 0.4 inch are shown for Sylgard and asphalt liners.
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FIGURE 16. Threshold Shock Sensitivity Pressure, Py, for Lined
Munitions as a Function of the Graphite Csse Thickness for Slope
Pasameter S = 3.5. Thresholds for total case/liner thicknesses of 0.2,
0.3, and 0.4 inch are shown for Sylgard and asphalt liners.
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EXAMPLE OF CASE DESIGN TO SURVIVE FRAGMENT IMPACT

To illustrate the theory, several examples are given. First, suppose there are three explosives under
consideration for a warhead, PBXN-109, PBXN-107, and PBXC-129(Q). Case material candidates are steel
and titanium. The first step is to find the threshold case thickness for an unlined warhead that would prevent
detonation during the fragment impact test. From Figure 3, PBXN-109 has a shock sensitivity pressure
P, = 64 kbar. It has a Pop plot slope of 1.5, so that Figure 4 can be used directly to get the threshold case
thickness, The threshold curve for the steel case crosses the P; = 64 kbar level when the case thickness is
0.39 inch, If the steel case is thinner than 0.39 inch, then the fragment impact test is predicted to result in
detonation. For a titanium case, Figure 4 gives a threshold case thickness of 0.47 inch. Similarly, from
Figure 3, the Pop plot slope for PBXC-129(Q) is 3.5, so that Figure 6 can be used directly. It follows that
the threshold case thickness for steel-cased PBXC-129(Q) is 0.43 inch and for a titanium case is 0.47 inch.

From Figure 3, the Pop plot slope of PBXN-107 is about 2.0. One can get the threshold P; for
this slope by interpolating the data for slopes 1.5 and 2.5 in Table B-1 of Appendix B for the unlined steel
case. For the titanium case, the data in Table B-3 is interpolated. The resuiting threshold values are shown
in Table 1 and plotted in Figure 17,

TABLE 1. Threshold Shock Sensitivity for Steel- and
Titanium-Cased Explosive With Slope of 2.5.

Case Thickness, in Threshold Py, kbar
Steel Titanium
0.00 129.0 129.0
0.05 124.0 132.0
0.10 120.0 131.0
0.18 116.0 128.0
0.20 110.0 124.0
0.25 102.0 118.0
0.30 90.7 110.0
0.35 76.5 98.0
0.40 62.5 82.7
0.45 52.0 68.2
0.50 43.7 58.5
19
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FIGURE 17. Threshold Shock Sensitivity Pressure, P, as a Function
of Case Thickness for a Slope Parameter of S = 2.0. Curves for steel and
titanium cases are shown. The value of P; = 49 kbar for PBXN-107 is

indicated.

From Figure 17, the threshold steel case thickness is 0.46 inch. The intersection of the titanium
curve with the PBXN-107 threshold shock sensitivity lies off the figure, but it should be about 0.54 inch.
The resulting threshold case thicknesses for the example are summarized in Table 2.

TABLE 2. Threshold Steel and Titanium Case Thicknesses for the
Example Explosives, PBXN-109, PBXN-107, and PBXC-129(Q).

Explosive Stes| Thickness, in Titanium Thickness, in

PBXN-109 0.39 0.47

PBXN-107 0.48 0.54
PBXC-120{Q) 0.43 0.47

If the warhead has a liner, Figures 11 through 13 show that the threshold shock sensitivity for the
combined steel case and asphalt or Sylgard liner is always less than the threshold for the same thickness of
steel. This is also probably true for titanium cases with liners, since the shock impedance of titanium lies
between that of steel and graphite. One can then regard the case thicknesses in Table 2 as conservative
estimates for the threshold value of the combined case and liner thickness.




NAWCWPNS TP 8149

The threshold shock sensitivity for steel cases lined with asphalt or Sylgard has already been
worked out, so one can compare the effect of different liner thicknesses on the required case thickness.
Figure 18 repeats portions of Figure 11 for an asphalt-lined, steel-cased explosive with a slope parameter of
1.5. The plots were drawn using the calculated data from Table B-8 in Appendix B. Two additional curves
that give threshold P for total case/liner thicknesses of 0.25 and 0.35 inch have been added. The shock
sensitivity pressure Py = 64 kbar for PBXN-109 has been added as a horizontal line. The various critical
thicknesses can be obtained where the PBXN-109 line intersects the threshold curves. Table 3 summarizes
the results.

-
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FIGURE 18. Threshold Shock Sensitivity Values for a Steel Case Lined
With Asphalt as a Function of the Case Thickness for Slope Parameter
S = 1.5, The solid curves were taken from Figure 11 (Table B-6). The
broken curves are estimaies.

TABLE 3. Threshold Thickness for Steel-Cased PBXN-109
Lined With Asphalt. The thicknesses are given in inches.

Total Case Liner
0.38 0.38 0.00
0.35 0.33 0.02
0.30 0.24 0.08
0.25 0.10 0.16
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The liner thickness required for detonation threshold is plotted in Figure 19 as a function of case
thickness. The plot shows the combination of asphalt liner and steel case thickness that will pass the
fragment impact test with PBXN-109.
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0 0.1 0.2 0.3 0.4

STEEL CASE THICKNESS, INCHES

FIGURE 19. Combinations of Steel Case Thickness and Asphalt Liner
Thickness That Will Prevent Prompt Detonation of PBXN-109 in the
Golden Fragment Test.

EXAMPLE OF EXPLOSIVE SELECTION

As a second example, suppose that an insensitive explosive is desired as a replacement in an
existing warhead. The case material and thickness are likely to be fixed. The liner material and thickness
may have to be adjusted for compatibility with the replacement explosive. For definiteness, suppose the
case is 0.25-inch-thick steel and the liner material is asphalt.

The best way to make the explosive selection is to use the shock sensitivity plane. The threshold
values of the shock sensitivity plane for the steel case/asphalt liner system can be obtained from Figures 11,
12, and 13 for values of the slope parameter of 1.5, 2.5, and 3.5, respectively. The corresponding tables in
Appendix B can also be used. In Figure 11, for example, draw a vertical line at a case thickness of 0.25
inch. The values of P; as a function of total case and liner thickness can then be attained. The results are
tabulated in Table 4.
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TABLE 4. Threshold Shock Sensitivity Pressure for a 0.25-Inch-Thick
Steel Case as a Function of Asphalt Liner Thickness.

Case + Line: Liner Py (kbar) .
Thickness, in | Thickness, in Slope = 1.5 Slope = 2.5 Slopy = 3.5
0.25 0.00 99.2 104.7 113.2
0.30 0.05 67.7 76.2 85.2
0.40 0.15 36.7 39.2 43.2

The thresholds are plotted on the shock sensitivity plane in Figure 20. The points denote
explosives which were included in Figure 3. The labels for the explosive points were left off in the interest
of clarity. As usual, in order to pass the test without a prompt detonation, the explosive must lie above the
appropriate threshold curve. One can see from Figure 20 that the liner can have a significant effect on the
range of explosives which can pass the fragment impact test. With no liner, nong of the most commonly
used main charge explosives will pass. With the 0.15-inch asphalt lirer, any of the common main charge
explosives will pass. Part of the reason for this is that the case itself is 0.25 inch thick. The combination
of case and liner is at least as effective as the same total thickness of case material. As can be seen in
Figure 4, for example, after 0.25 inch, the effectiveness of the case starts to increase dramatically.
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FIGURE 20. Effect of the Asphalt Liner Thickness on the Response of an
Explosive Cased With a 0.25-Inch-Thick Sicel Case. Points represent
shock sensitivity of explosives as shown in Figure 3.
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To use the shock sensitivity plane technique, it is convenient to make a separate pliot of the plane
with all of the explosive points on it and a separate plot of the threshold curves drawn to the same scale.
The two plots then are overlayed 10 see the relationship of the explosive points to the threshold curves. A
third plot can also be constructed showing the large-scale card test contours, as was done in Figure 9. This
can also be useful if there is no wedge test data available for the explosive of interest.

SUMMARY

Criteria for choosing an energetic material that will pass the Golden Fragment test in generic
ordnance configurations have been derived. The tool used for generating the criteria was the SMERF
computer code. The effect of a case liner on the detonation threshold of an explosive, and examples of case
design that can survive fragment impact and explosive selection are discussed.
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Appendix A
WEDGE TEST DATA

This appendix contains wedge test data in the form of Pop plot constants, P; and slope, shown in
the shock sensitivity plane plots in this report. It also contains the linear U, -U, fits of the shock Hugoniot
data that were taken in the same wedge tests. The coefficients in the Hugoniot equation are defined by

Ul- a+be Up

where U, is the shock velocity and Up is the particle velocity.

TABLE A-1. Wedge Test Results for Selected Explosives.

Explosive Density, a, cm/us b P4, kbar Slope Reference
g/cm3
AFX-1100 1.83 0.208 2.18 84.4 2.216 2
Comp B 1.715 0.231 2.50 54.0 1.501 9
Destex 1.69 0.2098 1.481 79.4 2.63 1
PBXN-3 1.70 0.185 3.37 44 3.42 5
PBXN-103 1.89 0.267 1.78 80 2.941 10
PBXN-107 1.626 0.243 2.08 48.4 1.97 6
PBXN-108 1.66 0.175 2.78 64 1.32 3
PBXN-110 1.68 0.247 1.27 79.1 1.6 7
PBXC-129(Q)| 1.71 0.233 3.04 47.6 345 4
PBXW-108E 1.565 0.163 2.48 46 224 1
PBX-8404 1.84 0.2494 2.093 28.8 1.538 1
PBX-9502 1.894 0.24 2.5 113.5 2917 9
Tritonal 1.73 0.2313 2.769 105 241 8
INT 1.654 0.2109 2.337 120 3.125 1
X-0219 1.914 0.240 2.05 161 354 )
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Appendix B
THRESHOLD SHOCK SENSITIVITY DATA

This appendix contains the threshold shock sensitivity data for a variety of cases.

TABLE B-1. Threshold Shock Senaliivity for an Unlined Stee! Case.

Thickness, in Py, kbar
Slope = 1.5 Slope = 2.5 Slope = 3.5
0.00 120.7 128.2 134.2
0.05 124.2 123.7 130.7
0.10 120.0 120.7 127.7
0.15 114.7 117.2 124.2
0.20 107.6 111.7 119.7
0.25 99.2 104.7 113.2
0.30 87.2 94.2 103.2
0.35 72.7 80.2 88.7
0.40 590.7 65.2 722
0.45 50.2 53.7 58.2
0.50 43.2 442 47.7

TABLE B-2. Threshold Shock Sensitivity for an Unlined Aluminum Case.

Thickness, P4, kbar
in Slope = 1.5 Siope = 2.5 Slopo = 3.5
0.00 120.7 128.2 134,2
0.05 126.7 125.7 132.2
0.10 125.7 126.5 131.7
0.15 121.7 122.2 120.2
0.20 116.2 17.7 125.7
0.25 108.2 11.7 120.2
0.30 97.7 103.2 111.7
0.35 82.7 80.7 98.5
0.40 88.2 74.2 81.7
0.45 57.7 81.7 67.7
0.50 50.2 52.2 56.7

27




NAWCWPNS TP 8149

TABLE B-3. Threshoid Shock Sensitivity for an Unlined Titanium Case.

Thickness, P4, kbar
In Slope = 1.5 Slope = 2.5 Slope « 3.5
0.00 120.7 128.2 134.2
0.05 153.7 130.7 137.7
0.10 191.7 130.2 136.7
0.15 128.2 127.7 134.7
0.20 123.7 124.0 131.7
0.25 118.7 118.7 126.5
0.30 107.7 11.7 119.7
0.35 95.2 100.7 109.2
0.40 72.7 85.7 93.2
0.45 67.2 71.2 7.7
0.50 57.2 59.7 64.7

TABLE B~4. Threshold Shock Sensitivity for an Unlined Graphite Case.

Thickness, P4, kbar
in Slope = 1.5 Slope = 2.5 Slope = 3.5
0.00 120.7 128.2 134.2
0.05 125.5 124.2 131.2
0.10 121.7 121.7 128.7
0.15 118.2 118.7 125.7
0.20 110.7 112.2 118.7
0.25 99.2 101.3 107.7
0.30 85.7 08.5 93.5
0.35 74.2 75.5 80.2
0.40 64.7 65.2 68.7
0.45 56.7 56.2 58.7
0.50 50.5 48.7 50.2




NAWCWPNS TP 8149

TABLE B-5. Threshoki Shock Sensitivity for an Unlined Asphait Case.

' Thickness, Py, kbar
in Slope = 1.5 Slope = 2.5 Siope = 3.5
0.00 129.7 128.2 134.2
0.05 125.2 124.7 131.7
0.10 1142 1186.2 123.7
0.15 101.2 105.7 114.2
0.20 86.0 922 101.0
0.25 68.7 747 82.2
0.30 56.2 60.2 66.2
0.35 47.2 49.7 54.2
0.40 41.0 415 452
0.45 41.2 35.7 38.2
0.50 425 327 32.7

TABLE B-6. Threshold Shock Sensitivity for an Unlined Sylgard Case.

Thickness, Py, kbar
in Siope = 1.5 Siope = 2.5 Slope = 3.6
0.00 120.7 128.2 134.2
0.05 125.7 124.7 132.2
0.10 116.2 120.8 126.7
0.16 102.2 108.7 114.7
0.20 82.5 88.5 96.6
0.25 64.7 89.7 76.2
0.30 52.7 5§6.2 61.2
0.35 44.7 48.2 49.7
0.40 40.7 39.2 41.7
0.45 43.5 33.7 35.7
0.50 435 32.7 32.7
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TABLE B-7. Threshold Shock Sensttivity for a Steel Case Lined With Asphalt
as a Function of Case Thickness, Tc, and Liner Thickness, Ti.

Te+ TL, Ti, P4, kbar

in in Slope = 1.6 Slope = 2.6 Slope = 3.5

0.2 0.000 107.5 11.7 119.7
0.050 96.2 102.7 111.2
0.100 84.7 92.2 101.2
0.125 82.2 80.2 00.7
0.150 80.7 88.7 97.7
0.175 80.7 88.2 97.2
0.200 86.0 92.5 101.0

0.3 0.000 87.2 94.2 103.2
0.050 87.7 76.2 85.2
0.100 55.7 83.7 71.7
0.150 51.7 58.7 65.7
0.200 49.7 55.2 82.2
0.225 497 54.7 60.7
0.250 48.7 53.7 59.7
0.275 407 54.7 60.2
0.300 56.2 60.2 66.2

0.4 0.000 50.7 65.2 72.2
0.050 455 49.2 54.7
0.100 38.7 42.2 48.7
0.160 36.7 30.2 432
0.200 35.0 7.2 40.7
0.250 337 35.4 38.6
0.300 33.2 34.8 az.6
0.325 337 34.7 375
0.350 35.2 347 375
0.375 36.2 36.2 39.2
0.400 40.2 41.0 45.2
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TABLE B-8. Threshold Shock Senattivity for a Steel Case Lined With Syigard

as a Function of Case Thickness, T¢, and Liner Thickness, TL.

Te+Ti. T, P4, kbar

in in Siope = 1.5 Slope = 2.5 Siope = 3.5

0.2 0.000 107.5 111.7 119.7
0.050 97.2 103.2 111.7
0.100 86.7 94.2 103.7
0.126 82.7 90.7 99.7
0.150 70.7 87.7 96.7
0.175 78.2 85.7 93.7
0.200 82.6 88.5 96.5

0.3 0.000 87.2 94.2 103.2
0.050 88.7 77.2 86.2
0.100 56.2 64.2 72.7
0.150 50.2 56.2 63.2
0.200 47.2 52.2 57.7
0.225 46.7 50.7 56.2
0.250 45.7 50.2 55.2
0.275 47.2 50.2 55.2
0.300 52.7 56.2 61.2

0.4 0.000 50.7 65.2 72.2
0.050 46.2 51.2 55.7
0.100 38.7 422 46.7
0.150 35.2 37.7 4.7
0.200 33.2 34.7 38.2
0.250 - 33.2 33.7
0.300 - 32.2 34.7
0.325 - 32.2 34.7
0.350 30.2 32.2 34.2
0.375 - 34.2 36.2
0.400 40.7 33.7 35.7
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TABLE B-9. Threshold Shock Sensitivity for a Graphite Case Lined With Asphait
as a Function of Case Thickness, Tc, and Liner Thickness, TL.

Te+TL, T, P, kbar

in In Slope = 1.5 Slope = 25 Slope = 3.5

0.2 0.000 110.7 112.2 118.7
0.050 108.2 110.7 118.7
0.100 104.2 108.2 118.7
0.125 100.2 104.7 112.7
0.150 95.7 100.7 109.2
0.175 80.7 96.2 104.7
0.200 86.0 82.2 101.0

0.3 0.000 85.7 88.5 93.5
0.050 86.2 80.7 67.7
0.100 85.2 90.7 97.7
0.150 70.7 85.7 02.2
0.200 72.2 75.7 84.7
0.225 67.2 73.2 80.2
0.250 62.7 68.2 75.2
0.275 57.7 63.2 69.7
0.300 56.2 60.2 56.2

0.4 0.000 65.0 65.2 68.7
0.050 64.2 67.2 7.7
0.100 63.7 67.2 72.7
0.150 61.7 65.2 70.7
0.200 56.7 62.2 67.2
0.250 54.7 57.7 82.7
0.300 49.2 52.2 56.7
0.325 46.2 48.7 53.2
0.350 432 45.7 49.2
0.375 41.2 427 48.2
0.400 45.2 a7 40.7
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TABLE B-10. Threshold Shock Sensltivity for a Graphite Case Lined With Sylgard
as & Function of Case Thickness, Tg, and Liner Thickness, Tt.

Te+ T, Tu P4, kbar

in in Slope = 1.5 Slope = 2.5 Siope = 3.5

0.2 0.000 111.0 112.2 118.7
0.050 111.2 108.7 119.7
0.100 105.7 108.7 116.7
0.125 102.2 108.7 114.7
0.150 07.2 102.2 116.7
0.175 89.7 95.7 103.7
0.200 82.5 88.5 96.5

0.3 0.000 85.7 88.5 93,5
0.050 86.7 90.7 97.2
0.100 84.2 89.2 96.7
0.150 77.2 82.7 89.2
0.200 70.2 75.7 82.2
0.225 85.2 70.7 77.2
0.250 60.2 85.2 71.2
0.275 55.2 59.2 64.7
0.300 52.7 56.2 61.2

0.4 0.000 64.7 65.2 €8.7
0.050 64.7 67.2 72.2
0.100 63.2 67.2 72.7
0.150 59.7 63.2 68.2
0.200 55.7 58.7 63.7
0.250 51.2 54.2 58.7
0.300 46.8 49.2 53.2
0.325 43.8 459 49.7
0.350 41.1 42.7 45.7
0.375 39.1 39.7 42.7
0.400 35.2 41.7 40.7
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Appendix C
THRESHOLD SHOCK SENSITIVITY FOR LSGT

This appendix presents the nunerical values of the threshold shock sensitivity for the large-scale gap
test.

TABLE C-1. Threshold Shock Sensitivity Pressure for Large-Scale Gap Test.

Gap, cards Py, kbar
Swib S«20 S=25 S«3.0 S=35 S=40
0 216.5 173.4 155.2 147.6 142.9 142.2
50 163.2 128.8 114.3 108.8 101.8 98.4
70 143.3 116.7 103.5 97.6 94.5 81.5
100 1111 90.3 82.2 78.2 75.7 74.7
150 68.5 54.0 49.2 46.8 46.1 45.9
200 50.4 37.9 32.8 30.1 208.9 28.1
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